of isoprothiolane sulfoxide (diisopropyl 1-oxo-l, 3-dithiolan-2-ylidenemalonate) were resolved and separately analyzed both by chiral HPLC.
INTRODUCTION
Microsomal sulfoxidation of pesticides has been shown to be relate to their activation or detoxification. [1] [2] [3] [4] Since the sulfoxide of dissymmetric thioethers has a chiral center, the sulfoxidation is sometimes a chiral metabolism in microorganisms, plants and animals. [5] [6] [7] [8] We have reported on the metabolism of isoprothiolane and its sulfoxide in rats and rice plants. 9, 10) Because of the presence of dissymmetric thioether groups in the molecule (Fig. 1) , the sulfur oxidation of isoprothiolane was expected to be a chiral metabolism. This paper describes the stereoselective sulfoxidation of isoprothiolane by rat liver preparations and the racemization of isoprothiolane (+)-and (-)-sulfoxides by rat liver cytosol and rice plants, accompanied by its reduction to isoprothiolane.
MATERIALS AND METHODS

Chemicals
Preparations of isoprothiolane and its sulfoxide have been described in our previous paper. 9' For the analysis of the compounds, a Waters HPLC model 510 (Nihon Waters Ltd., Tokyo, Japan) equipped with a Chiral CEL OC (Japan Spectroscopic Co., Ltd., Tokyo, Japan) was used with a Soma UV detector S-310A (Model II, Somakogaku Co., Ltd., Tokyo, Japan).
Samples (10-70 Il) in methanol were injected and eluted with hexane/isopropanol (4/1) at a flow rate of 1. 2 ml/min. Peaks were detected at 306 nm and the data were processed with Chromatocorder II (System Instruments Co., Ltd., Tokyo, Japan).
Rat Liver Preparations
Male Sprague-Dawley rats (6 weeks old, weighing ca. 200 g) were purchased from Shizuoka Cooperative Association for Laboratory Animals (Hamamatsu, Japan). The rats untreated or treated with inducers such as phenobarbital (PB) and 3-methylcholanthrene (3-MC)11-13) were killed by cervical dislocation. The livers were removed immediately, washed once and homogenized in 4 vol. of cold 0.15 M KCl solution using a Teflon glass homogenizer. A 20% (w/v) homogenate of rat liver was then centrifuged at 9000 g for 20 min, and the obtained supernatant was further centrifuged at 105, 000 g for 60 min using a Hitachi 55-P2 ultracentrifuge (Hitachi Ltd., Tokyo, Japan). The resulting precipitates were washed twice by resuspending in cold 0.15 M KCl solution equal to the volume of the original homogenate and by recentrifuging at 105, 000 g for 60 min. The obtained microsomal pellets were suspended in cold 0. 1 M phosphate buffer (pH 7. 4) equivalent to the liver weight in volume and the 105, 000 g supernatant was used as the cytosol.
3. Incubation Conditions A mixture in 2.5 ml of 0. 1 M phosphate buffer (pH 7. 4) containing the microsomes and/or the cytosol equivalent to 0. 1 g of fresh liver, 0. 4, amol of NADPH or NADH, and 0. 1 (or 0. 025) dcmol of isoprothiolane (or its sulfoxide) was incubated at 37C in a 10-m1 test tube. After 10 min, the mixture was cooled to 0C and then shaken with 5 ml of ethyl acetate. The extract was concentrated by N2 gas stream at 0C and then dissolved in methanol for analysis by HPLC.
Rice Plant Culture
Three rice plants (Oryza sativa L. cv. Kinmaze) at the three-leaf stage were used throughout the experiment. They were cultured in a 10-m1 tube containing 1 ml of water.
One of the isoprothiolane sulf oxide isomers was applied to the water to give a final concentration of 63-93 umol (21-30 ppm). The plants were then placed in a growth chamber at 27C. In order to evaluate non-biological transformation of the compound, three plants, with the root heated at 95C for 10 min, were also used. After 12 or 24 hr, the culture medium was directly analyzed by HPLC. After 24 hr, the rice plants were extracted with 6 ml of benzene. The extract was evaporated in vacuo and dissolved in an aliquot of methanol for chiral HPLC.
Measurement of Optical Rotation
Optical rotation was measured using a Perkin-Elmer polarimeter model 241 (PerkinElmer, Ueberlingen, FGR) and quartz cuvettes (10 cm light path). The sulfoxides (2, amol) were dissolved in 1 ml of methanol and scanned between 365 and 589 nm at 25C.
RESULTS
Resolution o f I soprothiolane (+)-Sul f oxide
The chemically synthesized isoprothiolane sulf oxide was racemic. As indicated in its high-performance liquid chromatogram (Fig.  2) , the enantiomers of isoprothiolane sulf oxide In the chiral HPLC (Fig.  2) , the peak of retention time 35 min corresponded to the (-)-enantiomer and that of retention time 42 min to the (+)-enantiomer of isoprothiolane sulfoxide. No attempt has been made to elucidate the absolute configuration of the sulfoxides up to now.
Sulfoxidation of Isoprothiolane by Rat
Liver Preparations The liver cytosol had no significant activity to oxidize isoprothiolane to its sulfoxide. In the presence of the 9000g supernatant or the microsomes, however, 8. 6 or 8. 8 nmol of isoprothiolane sulfoxide was formed by an addition of NADPH, while an addition of NADH gave only 0.0 or 1.3 nmol of the sulf oxide, respectively ( Table 1 ). The amounts of (-F)-and (-)-isomers produced in the presence of liver 9000 g supernatant and NADPH were 4. 1 and 4. 5 nmol, in which the enantiomeric excess was only 4%. In the case of liver microsomes and NADPH, however, the formed (+)-enantiomer (6. 1 nmol) was twice as much as the (-)-enantiomer (2. 7 nmol). The resulting enantiomeric excess of 38% showed that the sulfoxidation of isoprothiolane by rat liver microsomes was a chiral metabolism. The enzymes involved in sulfur oxidation have not been well characterized but are generally considered to be a cytochrome P-450-dependent monooxygenase system present in hepatic microsomes. 14,15) Since inducers such as PB and 3-MC can induce the microsomal cytochrome P-450 (s), 16,7) their effects on the stereoselective sulfoxidation of isoprothiolane were also studied.
Effects o f PB and 3-MG Pretreatments on
Chiral Sulfoxidation of Isoprothiolane PB and 3-MC were reported to induce hepatic cytochrome P-450 s differently by various authors. 11,14, 15) Their substrate specificity demonstrated difference in inducing microsomal enzymes (Table 2) . PB-induced microsomes showed drug-metabolizing activities such as aminopyrine N-demethylation and aniline hydroxylation 216 and 130% higher than the control, respectively (Table 2) , whereas those induced with 3-MC had an aniline hydroxylation activity 89% higher than the control, although their aminopyrine Ndemethylation activity remained unchanged or slightly decreased.
The sulf oxidation of isoprothiolane by PBinduced microsomes proceeded more rapidly than the control (Table 2 ) but the enantiomeric excess remained almost unchanged (48% by the induced and 38% by the control microsomes). However, 3-MC-induced microsomes produced the (+)-sulfoxide of isoprothiolane more preferentially than the control, giving an enantiomeric excess of 82 %, which is much higher than the control's 43%. This suggests that the substrate specificity of 3-MG-induced microsomes may be involved in the stereoselective formation of isoprothiolane (+)-sulf oxide by rat liver microsomes.
Reduction of Isoprothiolane (+)-and (-)-
Sulfoxides by Rat Liver Cytosol As our previous paper showed, '' isoprothiolane sulf oxide decreased slowly in the presence of rat liver cytosol (105, 000 g super- b) The 105, 000 g supernatant fraction.
natant) ( Table 3) . After incubated for 10 min, 25 nmol of (+)-and (+)-sulfoxides of isoprothiolane formed 2. 7 and 2. 8 nmol of isoprothiolane, respectively. There was no difference in amounts of the product reduced from the (+)-and (-)-sulfoxides. Even heated cytosol produced 1. 1 and 1. 3 nmol of isoprothiolane but more slowly than the control cytosol did ( Table 3) .
The sulfoxide underwent racemization more rapidly than the reduction to isoprothiolane in the presence of liver cytosol or heated liver cytosol (Table 3) . It seemed that the racemization was complete during 10 min, since (+)-and (-)-sulfoxides reached almost the same amount after 10 min incubation. No evidence has been presented so far of the racemization of chiral sulfoxides by mammalian liver preparations. The rapid racemization by the heated liver cytosol is considered a nonenzymatic reaction.
Sulfoxides by Rice Plants Sulf oxidation of isoprothiolane by rice plants proceeded too slowly for a study of the stereoselectivity of the formed sulf oxides. The reduction of the racemic sulfoxide to isoprothiolane has already been described in our previous paper. 10' Living rice plants also reduced the (+)-and (-)-sulfoxides to isoprothiolane but heated rice plants did not. Each value represents the mean of four experiments. a) Aminopyrine N-demethylation and aniline hydroxylation were measured according to the methods of Refs. 12) and 13). b) Enantiomeric excess. C) Phenobarbital (80 mg/kg/day in saline) was intraperitoneally administered for 3 days to rats.
The rats were fasted overnight before sacrifice. d) 3-Methylcholanthrene (25 mg/kg/day) was intraperitoneally administered as the olive oil solution to rats. The rats were fasted overnight before sacrifice. The heated rice plants gradually absorbed and accumulated the compounds. Twenty-four to thirty-one % of the total amount was recovered from the rice plants after 24 hr (Table 4) .
From 85 nmol of isoprothiolane (+)-and 93 nmol of (-)-sulfoxide, about 20 nmol of isoprothiolane was formed, respectively by living rice plants ( Table 4 ), demonstrating that there was no quantitative difference in the reduced product from the (+)-and (-)-sulfoxides. As by rat liver cytosol, the racemization always accompanied the reduction of sulf oxides by living rice plants (Table  4) , but by living rice plants the racemization was not complete even after 24 hr. The heated plants were inactive in reducing or racemizing isoprothiolane (+)-and (-)-sulfoxides, but non-biological racemization did slowly proceed in the culture solution (Table 4) .
DISCUSSION
The sulf oxidation of isoprothiolane by rat liver microsomes was found a chiral metabolism (Tables 1 and 2 ). However, isoprothiolane (+)-and (-)-sulfoxides underwent subsequent rapid racemization in the presence of the liver cytosol. Since a liver 9000 g supernatant contained both the microsomes and the cytosol, the sulf oxidation product in the 9000 g supernatant was always racemic. As shown in Table 2 , the 3-MC-induced microsomes gave a higher enantiomeric excess than the control or PB-induced microsomes, indicating that cytochrome P-450, especially 3-MC-induced cytochrome P-450, catalyzed the stereoselective formation of isoprothiolane (+)-sulfoxide.
Indeed, inhibitors of cytochrome P-450-dependent monooxygenase such as SKF 525A and n-octylaminee' well inhibited the microsomal sulfoxidation of isoprothiolane 28 or 65% at 0. 5 or 1 X 10_4 M of SKF 525A and 100% at 3X10'3 M of n-octylamine. 1S' FAD-containing monooxygenase is also shown to be involved in sulfoxidation of thioether pesticides, but its activity is not inhibited by n-octylamine. 8) The reduction of isoprothiolane sulf oxide to isoprothiolane by rat liver cytosol and living rice plants was always accompanied by racemization of the chiral substrate, isoprothiolane (+)-or (-)-sulfoxide.
This may indicate that the mechanism of reduction includes a common transition state with that of the racemization of isoprothiolane (+)-or (-)-sulf oxide. Chiral sulf oxidation of pesticides by liver microsomes and rice plants has been reported of disulfoton8' and propaphos, " respectively, but the possible racemization following to the chiral metabolism has yet to be studied.
